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Novel one-pot synthesis and sensitisation of new BiOCl-Bi2S3 
nanostructures from DES medium displaying high photocatalytic 
activity 
V. C. Ferreiraa, M. C. Nevesb, A. R. Hillmanc and O. C. Monteiroa
A novel route to synthesise Bi2S3-sensitised BiOCl nanoparticles from deep eutectic solvent medium at room temperature 
by a one-pot approach is reported. The influence of the temperature, sulphur source, concentration of reactants and 
presence of water, on the morphological, structural and microstructural, optical and photocatalytic properties of the 
synthesized nanoparticles is analysed and discussed. Stable and crystalline BiOCl hybrid structures with shapes from sheet-
like to flower-like hierarchical aggregates and (001) and (110) dominant crystallographic orientation were obtained. The 
sensitisation of BiOCl with Bi2S3 was successfully achieved in situ during synthesis by an ion-exchange process and the relative 
proportion of the components (BiOCl and Bi2S3) controlled by the Bi:S ratio in the synthesis medium and by the sulphur 
precursor. The sensitizer nanomaterial (Bi2S3) extends the BiOCl photoactive region to the visible range. Also favouring the 
charge separation and reducing the electron/hole pair recombination and therefore increasing the photocatalytic 
performance. The prepared composite materials show high ability to adsorb rhodamine B cationic dye and the complete 
photocatalytic degradation was achieved within 45 min (75 mg per g of catalyst).
Introduction 
Bismuth oxychloride (BiOCl) has recently attracted increasing 
interest due to its low toxicity, semiconducting properties, 
excellent photocatalytic response and versatility to be further 
modified with a wide range of materials. In the last decade, 
more than 190 research papers have been published only 
regarding BiOCl and its composites synthesis, properties and 
applications.  It is its size, shape and surface structure which will, 
ultimately, control their optical and photocatalytic properties 
and therefore its suitability to distinct purposes. For example, 
BiOCl has shown ability to water splitting reaction under solar 
light irradiation1-3 , photocatalytic activity to the degradation of
dyes and other pollutants under ultra-violet (UV) and visible 
radiation4-11, UV photodetectors12, to be used as catalyst for air
electrode of aluminium-air batteries13 and as an anode material 
for sodium-ion batteries.14 
BiOCl has a tetragonal structure, formed by layers of [Bi2O2]2+ 
intercalated with a double layer of chloride ions accommodated 
in the interlayers, with interlayer distance of 7.38 Å. Due to its 
layered structure this material can be prepared in a wide range 
of sizes and shapes, with sheet and plate-like morphologies the 
most commonly reported5-7,10,14-16, however hexagonal prisms8 
and hierarchical structures resulting from distinct assembling of 
nanosheets are also reported.4,7,9,11 BiOCl is a semiconductor 
with wide band gap and indirect band gap energy (Eg). Values 
ranging from 2.25 to 3.5 eV have been reported in the 
literature1,2,4,6,9,10,17, depending mostly on particle size, crystal 
structure and surface composition. 
The synthesis methodologies of BiOCl are mostly based on 
hydro-/solvothermal approaches and precipitation, but 
ultrasound assisted and combustion methods are also reported. 
Typical hydro/solvothermal based approaches require 
moderate to high temperatures (80-200 oC), often extended 
reaction times (12-24 h) and the use of specific reaction 
vessels.4-6,9,11,14 The precipitation at room temperature, the 
synthesis assisted by ultrasound and the combustion methods 
requires subsequent calcination at 300-400 oC.15,18,19  
In order to increase the photocatalytic performance and extend 
the absorption to the visible range, several strategies have been 
used in order to improve the efficiency of semiconductor 
photocatalysts, for example by controlling crystal facets, 
doping, organic and inorganic sensitization, and preparation of 
hybrid structures. It has been shown that the photocatalytic 
activity of BiOCl depends not only on its particle dimensions but 
also on the crystallographic orientation of its surface.5,6,10  BiOCl 
nanoplates with high exposed (001) facets show enhanced 
activity towards methyl orange (MO) degradation under 
simulated sunlight irradiation.5 Also BiOCl single crystalline 
nanosheets with exposed (001) facets present high 
photocatalytic activity for MO degradation through direct BiOCl 
photoexcitation under UV irradiation whereas nanosheets 
displaying (010) crystallographic orientation are more active to 
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dye degradation through indirect dye photosensitization under 
visible light.6 Jiang et al.1 have reported sulphide (S2-) doping of 
BiOCl by replacing the chloride ions by S2- in the interlayer. This 
widens the light absorption and decreases the band gap by 0.2 
eV by creating impurity states just above the valence band. This 
allows those materials to be used for the oxygen evolution 
reaction due to extension of light absorption to the visible and 
improved separation efficiency of the photogenerated electron-
hole pairs. Ding et al.20 have shown that replacing Bi atoms in
the crystalline structure by doping BiOCl with Er3+ (1%), allows 
the use of visible light and confers it catalytic properties 
towards rhodamine B (RhB) degradation. Owing to its high 
ability to adsorb some organic molecules, BiOCl has been 
sensitized with the organic dye RhB displaying enhanced 
photocatalytic activity towards the MO, 4-chlorophenol and 
nitric monoxide degradation under visible light irradiation.11,21
The sensitization with other inorganic materials such as SnO2, 
Co3O4, WO3, Fe3O4, Bi2O3, Bi2S3 and Bi has also been 
reported.16,17,22-27 Of those, bismuth sulphide (Bi2S3) may be a 
suitable candidate since it displays photocatalytic activity 
towards dyes degradation under UV light irradiation.28 Cao et 
al.25 and Cheng et al.27 have used a two-step process to prepare 
the BiOCl nanostructures and further sensitize with Bi2S3 
through an ion exchange method using thioacetamine, thiourea 
and cysteine as sulphur precursors. This approach shows 
advantages over other methodologies reported in the past in 
which high reaction temperature, capping agents and use of less 
environmentally friendly reactants were required.29-32 The 
presence of Bi2S3, which has a band gap energy in the range 1.2 
to 1.8 eV26,33-35, extends the absorption of the hybrid material 
to the visible region since BiOCl only absorbs in the UV (Eg BiOCl 
bulk = 3.5 eV). The BiOCl/Bi2S3 nanomaterials exhibit efficient 
visible light photocatalytic activity towards RhB, 2,4-
dichlorophenol and MO degradation processes.25-27  
Considering all the efforts reported in the literature, the 
development of rapid strategies to prepare heterostructures 
displaying improved properties is still highly desirable and a 
challenge to which this work, aims to contribute. Therefore, in 
this work, hybrid materials, with improved properties for 
photocatalytic applications, based on bismuth(III) oxychloride 
sensitized with bismuth sulphide semiconductor have been 
investigated. The novel approach reported here involves the 
one-pot synthesis and in situ sensitization, by an ion exchange 
route. The ability of using environmentally friendly medium 
such as the deep eutectic solvent based on choline chloride and 
ethylene glycol and the synthesis at room temperature, in a 
one-pot reaction method presents further advantages.  
The work reported here is distinct from that reported in the 
cited literature25-27 in several respects, namely (i) the synthesis 
and sensitisation is achieved in an single step at room 
temperature; (ii) the hierarchical nanostructures are obtained 
from an environmentally friendly solvent and (iii) the resulting 
hybrid materials display significantly improved photocatalytic 
response. 
The photocatalytic performance of the prepared BiOCl-Bi2S3 
hybrid materials was studied and the results indicated that 
these are promising materials for application as catalysts for 
photocatalytic degradation of pollutants, such as (but not 
limited to) organic dyes. 
Experimental 
Materials and Methods 
All reagents were of analytical grade (Aldrich and Fluka) and 
were used as received. The aqueous solutions were prepared 
with Millipore Milli-Q ultra-pure water. 
BiOCl-Bi2S3 nanoparticles synthesis. The BiOCl-Bi2S3 nano-
particles were chemically synthesised in a deep eutectic solvent 
(DES) medium prepared from a mixture of a 1:2 ratio of choline 
chloride and ethylene glycol (ChCl:2EG).36 Two bismuth sources 
were used, saturated solution of bismuth(III) trichloride (BiCl3) 
in HCl and bismuth(III) diethyl-dithiocarbamate complex 
(Bi[S2CN(C2H5)2]3,37 Bi(dtc)3) synthetized according to the 
procedure reported in the literature.33 The sulphur sources 
tested were saturated aqueous solutions of sodium thiosulfate 
(Na2S2O3, 3.2 mol dm-3) and sodium disulphide (Na2S, 2.4 mol 
dm-3). The bismuth(III) diethyl-dithiocarbamate complex 
(Bi[S2CN(C2H5)2]3) already contain both Bi and S and no extra 
sulphur source is required Stock DES solutions of the precursors, 
BiCl3 (16 mmol dm-3), Na2S2O3 (21 mmol dm-3) and Na2S (10 
mmol dm-3), were prepared by stirring until clear solutions were 
obtained. Typically for the BiOCl-Bi2S3 synthesis, to 20 mL of 
BiCl3 stock solution, adequate volume of sulphur precursor 
solution was added under stirring. The reaction was allowed to 
occur overnight, at room temperature. Reactants 
concentration, temperature and sulphur source influences the 
time elapsed for change in the solution colour from clear to 
yellow, light brown and finally dark grey/black. After synthesis, 
the resulting suspensions were centrifuged at 3500 rpm for 5 
minutes and the solid repeatedly washed with deionized water. 
The resulting solids were dried and stored.  
White bismuth oxychloride (BiOCl) particles were obtained by 
adding the BiCl3 saturated solution to H2O25; bismuth sulphide 
(nanoBi2S3) was prepared according to the procedure previously 
described.33  
The prepared samples are designated, according to Table 1, 
from A to E followed by the proportion of Bi:S in the starting 
reactants using Na2S2O3 as sulphur source, e.g. A (1.5:1).  
Table 1. Experimental conditions used for the synthesis of BiOCl-Bi2S3, BiOCl and 
nanoBi2S3 particles. 
* - from saturated aqueous solutions; # - from dry precursors.
Sample Precursors Bi:S Conditions 
A BiCl3 / Na2S2O3  
(*) 
(1.5:1) room temperature, 
overnight 
DES 
B (1:1) 
C (1:1.5) 
D (1:2) 
E (1:3) 
F (SS/50) BiCl3 / Na2S (*) (3:1) 50 o C, overnight 
DES G (DT/50) Bi(dtc)3 (1:6) 
H (TU) BiCl3 /thiourea (1:2) 50 o C, overnight 
DES I (TA) BiCl3 / thioacetamide (1:2) 
J (CD) BiCl3 / CS2 (1:4) 
K BiCl3 / Na2S2O3 (1:2) room temperature, 
overnight, DES L (#) (1:4) 
BiOCl BiCl3 -- room temperature,H2O 
nanoBi2S3 Bi(dtc)3 -- Acetone, 60 o C 
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Samples F and G were respectively prepared with (3:1) Bi:S 
proportion from another sulphur source (sodium sulphide - SS) 
and a bismuth(III) diethyl-dithiocarbamate complex (DT/50) 
already containing Bi and S in the proportion (1:6), both 
prepared at 50oC. Thiourea (TU), thioacetamide (TA) and carbon 
disulphide (CD) were also tested but no particles were obtained. 
Furthermore, BiOCl/Bi2S3 particles, samples K and L, were also 
prepared using dry BiCl3 and Na2S2O3 directly dissolved in DES, 
in the proportion (1:3) and (1:4), respectively. 
 
Characterization 
X-ray powder diffraction (XRD) was performed using a Philips X-
ray diffractometer (PW 1730) with automatic data acquisition 
(APD Philips v3.6B), using Cu Kα radiation ( = 0.15406 nm) and 
working at 40 kV/30 mA. The diffraction patterns were collected 
in the range 2 = 8-60o with a 0.02o step size and an acquisition 
time of 2.0 s per step. Optical characterization of the powder 
samples was carried out by UV-Vis diffuse reflectance using a 
Shimadzu UV-2600PC spectrophotometer. Diffuse reflectance 
spectra (DRS) were recorded in the wavelength range of 200-
1400 nm using an ISR 2600plus integration sphere. 
Transmission electron microscopy (TEM) and high resolution 
transmission electron microscopy (HRTEM) were carried out 
using a JEOL 200CX microscope operating at 200 kV and 
scanning electron microscopy (SEM) in a field emission gun - 
scanning electron microscope JEOL-7001F (FEG-SEM), operating 
at 10-15 kV. Specific surface area was estimated by the 
Brunauer–Emmett–Teller (B.E.T.) method, from nitrogen (Air 
Liquide, 99.999%) adsorption data at -196 °C, using a volumetric 
apparatus from Quantachrome mod. NOVA 2200e. The 
samples, weighing between 40 and 60 mg, were previously 
degassed for 2.5 h at 150 °C at a pressure lower than 0.133 Pa. 
The potential of zero charge (p.z.c.) of the particles was 
measured using a Zetasizer Nano ZS90 (Malvern Instruments 
Ltd., UK), equipped with He-Ne laser (4 mW, 632.8 nm) using 
aqueous 0.1 M HCl and NaOH solutions for pH adjustments. 
 
Adsorption and photocatalytic activity 
All photocatalytic experiments were conducted using the 
procedure described elsewhere.38 Briefly, a 250 mL refrigerated 
photoreactor using a 450 W Hanovia medium pressure 
mercury-vapour lamp was used as radiation source. The total 
irradiated energy was 40-48% in the ultraviolet range and 40-
43% in the visible region of the electromagnetic spectrum. Prior 
to irradiation, 20 mg of sample were suspended in 150 mL of a 
rhodamine B solution (10 ppm) and were stirred in dark 
conditions during 60 minutes to allow the adsorption/ 
desorption equilibrium. After this time an aliquot of solution 
was collected to evaluate the adsorption of RhB on the catalyst 
and used as t = 0 for the photocatalytic degradation. During 
irradiation, aliquots of the suspensions were collected at 
regular intervals using a peristaltic pump, centrifuged and 
analysed by UV–vis spectroscopy. 
 
Results and discussion 
Structural and morphological characterization  
Effect of the bismuth:sulphur ratio. Figure 1 illustrates the X-
ray diffraction patterns obtained for the A-E as-prepared 
samples. The peaks in the diffraction patterns can be indexed to 
the tetragonal crystallographic structure of BiOCl (ICDD PDF4 
file: 01-085-0861) and agrees with the pattern obtained for the 
BiOCl synthesised from aqueous medium. The structure of BiOCl 
comprises layers of [Bi2O2][Clm] or [Bi3O4+n][Clm], with the 
chloride ions in a non-bonding interaction in the interlayers, this 
arrangement being prone to form 2D lamellar particles.7 Sample 
A (1.5:1) shows higher crystallinity in opposition to the one of 
sample E (1:3) suggesting that the increase of the S content in 
the synthesis medium affects the crystallinity of the final 
particulates. Particles A (1.5:1), B (1:1) and C (1:1.5) clearly 
display preferential crystallographic orientation, with the peaks 
at 12.0o ((001) facets) and 32.5o ((110) facets) exhibiting higher 
relative intensities than those reported for bulk BiOCl (ICDD 
PDF4 file: 01-085-0861). This is further confirmed by the high 
relative intensities observed for the diffraction peaks of the 
same family of (001) facets, (002) and (003). Therefore the 
nanoparticle surface is dominated by (001) and (110) facets. 
Once BiOCl is predisposed to form 2D structures due to its 
lamellar nature, it is likely that faces of the particles comprise 
(001) facets while the edges are formed by (110) facets, in 
agreement with data previously reported.6   
Additional diffraction peaks were detected, in samples B to E, at 
18.8, 30.0 and 45.2o, which can be assigned to the Bi2S3 facets 
(210), (100) and (214), respectively, (ICDD PDF4 file: 04-012-
0700). Besides, other Bi2S3 diffraction peaks are likely to be 
overlaid with BiOCl signal (at about 23.8, 26.0, 33.4, 41.2, 46.6, 
49.7 and 55.1o). The presence of nanocrystalline Bi2S3 seems to 
be a consequence of the sensitization of BiOCl particles during 
synthesis in the presence of an appropriate sulphur source, for 
instance Na2S2O3. This process is very likely to occur through an 
ion exchange process as it has been previously observed25-27, in 
heterostructures prepared in a stepwise approach. In the 
present  case,  the  Bi2S3  sensitisation  extension  increases  with  
 
 
 
 
 
 
 
 
 
 
 
 
   
 
Figure 1. XRD patterns of samples A (1 5:1), B (1:1), C (1:1.5), D (1:2) and E (1:3) and of 
pure BiOCl and nanoBi2S3. 
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the S content in the reaction medium. The aforementioned 
diffraction peaks are not detected for sample A most probably 
due to its dispersity and low Bi2S3 content. However, the 
formation of black particles, not white as pure BiOCl, suggests 
effective sensitisation. Upon synthesis of the NPs, it was clear 
that all the synthesised particles were not pure BiOCl (ESI, 
Figure S1) as their colour is very distinct from the white pure 
BiOCl.25,39 The hypothesis of the synthesised particles 
containing sulphur atoms, as dopant replacing Cl- ions in the 
interlayers, was discarded since a shift towards lower 2θ values 
would be expected due to the high atomic radius of sulphur 
atoms as compared with chloride ion and to difficulties in 
accommodating di-anions (S2-). Also the hypothesis of 
incorporation of sulphur replacing oxygen atoms in the 
crystalline structure of BiOCl was rejected. This would cause 
expansion and/or distortion of the crystalline structure and 
concomitant shift of diffraction peaks towards lower 2θ values 
due to a similar effect as mentioned above, which was not 
observed.  
 
The influence of the sulphur precursor. The X-ray diffraction 
patterns for samples F (SS/50) and G (DC/50), both prepared at 
50 oC (no particles were formed at room temperature) and using 
Na2S and Bi(dtc)3 complex as sulphur sources, respectively, are 
shown in Figure 2. Those patterns are similarly composed of 
BiOCl, displaying good crystallinity and preferential 
crystallographic orientation as observed for samples A to C. 
However, using the Bi(dtc)3 precursor, the yield is very low and 
particles with heterogeneous morphology were obtained, 
comprising large, irregular and thin flakes of BiOCl, of about  
2 µm wide, mixed with small irregular particles (ESI, Figure S2). 
For that reason this sample was not used for further studies. 
 
Other sulphur sources and the effect of H2O. Under the 
experimental conditions used, no particles were obtained from 
DES using thiourea, thioacetamide and carbon disulphide as 
sulphur source, neither at room temperature or at 50oC, 
indicating  that  the S  precursor  plays an  important  role on the 
final product and in the formation of particles by one-pot BiOCl 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. XRD patterns of samples F (SS/50) and G (DC/50) and of pure BiOCl and 
nanoBi2S3. 
synthesis and sensitization.  
In order to test the effect of water on the reaction medium, 
BiCl3 and Na2S2O3 were dissolved directly in the DES, instead of 
using saturated aqueous solutions. Under these conditions, 
crystalline BiOCl particles sensitised with Bi2S3 were also 
obtained, displaying similar diffraction patterns to those 
observed for samples A and E (ESI, Figure S3).  
Thus the presence of H2O is not a key determining factor in the 
synthesis and sensitisation of BiOCl-Bi2S3 particles in this 
medium and also does not justify the absence of particles when 
thiourea, thioacetamide and carbon disulphide were used. 
The average BiOCl crystallite size was estimated from the XRD 
patterns by using the Scherrer equation. The obtained values 
were 7 ± 1 nm except for sample A with ca. 9 nm crystallite size. 
The XRD-derived values relate to the crystallite size within the 
nanoparticles and are thus smaller than the TEM-derived 
particle size values; the distinction is clear from inspection of 
the images in Figure 3 (see below). 
 
The morphology of the BiOCl particles decorated with Bi2S3 was 
analysed by TEM (Figure 3). At low S concentration (sample A), 
plate-like particles are formed with average size of 59±14 nm 
and 13±4 nm thickness. When the sulphur concentration 
increases (samples B to E), flower-like hierarchical architectures 
of assembled nanosheets were formed with increasing 
diameter of 215, 221, 240 and 263 nm, respectively. These are 
composed of aggregated plates, as shown in the representative 
SEM image (inset in Figure 3). The interlayer distance, obtained  
 
 
Figure 3. TEM images of samples A (1.5:1), B (1:1), C (1:1.5), D (1:2) and E (1:3), and 
HRTEM image of sample C (1:1.5). Inset in figure: representative SEM image of sample D 
(1:2). 
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from HRTEM, is about 0.74 nm, as illustrated for sample C 
(1:1.5), in  Figure  3,   which  is  consistent  with  the   interlayer 
spacing between (001) planes of BiOCl (7.38 Å) and with the 
(001) preferential crystallographic orientation suggested by 
XRD analysis. Although it was not possible to estimate the Bi:S 
ratio in the nanoparticles by energy dispersive X-ray 
spectroscopy (EDX), since the Bi and S signals are overlaid in the 
energy scale, values ranging from 1.2 to 7.3 atom % of S were 
obtained by elemental analysis, confirming the presence of 
sulphur in the prepared samples. This indicates that Na2S2O3 is 
a reliable source of sulphur for BiOCl sensitisation at room 
temperature. 
By using sodium sulphide as sulphur source, sample F (SS/50), 
the particles obtained are irregular size and shaped sheets of 
51±14 nm and thickness of about 10±2 nm, similar to those 
prepared from sodium thiosulphate, sample A (1.5:1), despite 
the higher Bi:S ratio used (ESI, Figure S4). In the absence of 
water, sheet-like particles of about 46±12 nm and 51±12 nm 
were formed (ESI, Figure S4) for samples K (1:2) and L (1:4), 
similar to sample A. Although the Bi2S3 could be expected to 
present a thin sheet-like morphology (ESI, Figure S5), covering 
the surface of BiOCl as observed for the titanate nanofibers 
sensitised with Bi2S334 or occur as small nanoparticles anchored 
to the BiOCl nanosheets27, in the present case, the in situ 
sensitisation by ion exchange, the small amount of Bi2S3 and its 
dispersity on the BiOCl surface did not allow its differentiation 
by TEM analysis in any of the prepared samples. Nevertheless 
its presence could be readily evidenced by XRD and DRS 
analysis. 
Additionally, it can be concluded that the use of DES as the 
synthesis medium allows preparation of smaller particles with a 
more homogeneous particle size distribution than those of pure 
BiOCl and BiOCl/Bi2S3 prepared from aqueous medium, which 
are large and irregular sized and shaped plates (ESI, Figure S5). 
This effect may be a consequence of choline cation adsorption 
on the BiOCl particles in the initial stage of synthesis, controlling 
the growth of BiOCl nanostructures, since these particles, with 
(001) crystallographic surface orientation, are expected to have 
high surface density of oxygen atoms at the surface conferring 
a negative charge density and electric field perpendicular to the 
surface (see below).6 
 
UV-vis optical response 
The optical characterisation of the samples was carried out by 
measuring their diffuse reflectance, R, at room temperature, 
and the absorption spectra are depicted in Figure 4a. The Bi2S3 
sensitised BiOCl particles present contribution from both 
components and display two distinct absorption regions (Figure 
4). The pure BiOCl prepared absorbs in the UV region with the 
absorption edge at about 360 nm as shown in Figure 4a. In 
contrast, the nanoBi2S3 absorbs across the entire UV-vis range.  
The diffuse reflectance is related with the absorption Kubelka-
Munk function, 𝐹𝐾𝑀 , through the relation 𝐹𝐾𝑀(𝑅) = (1 − 𝑅)
2/
2𝑅, which is proportional to the absorption coefficient.37 The 
optical band gap energies of the samples were estimated by 
plotting the function 𝑓𝐾𝑀 =  (𝐹𝐾𝑀ℎ𝑣)
𝑛  vs radiation energy 
(Tauc plot), where h is the Planck constant and υ the radiation 
frequency and n = 2 or 1/2 for direct and indirect transitions, 
respectively. The Eg values were obtained by extrapolating the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (a) Diffuse reflectance spectra of Bi2S3/BiOCl samples A (1.5:1), B (1:1), C (1:1 5), 
D (1:2), E (1:3) and F (SS/50) and comparison with pure BiOCl and nanoBi2S3, (b and c) 
corresponding Tauc plots for the synthesized samples for indirect (b) and direct (c) 
transitions.  
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v
)2  A (1.5:1)
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 C (1:1.5)
 D (1:2)
 E (1:3)
 F (3:1)
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Table 2. Optical band gap energy (Eg) values of prepared samples. 
 
linear portion of the curve near the band edge to zero 
absorption (Figure 4b and c). In Table 2 are included the Eg 
values   obtained   for   the   prepared   samples  considering  the 
generally accepted indirect band gap for BiOCl6,9,16,21,26 and 
direct band gap for Bi2S3.26,41 
In samples A and F the relative contribution from BiOCl and 
Bi2S3, which have distinct Eg values (3.35 and 1.41 eV, 
respectively), could be distinguished. In contrast for the 
nanoparticulates prepared with increasing proportion of 
sulphur in the reaction medium, the higher proportion of Bi2S3 
on the resulting material did not allow that discrimination.  
Regarding the contribution from the bismuth oxychloride, the 
optical band gap energies of samples A and F are clearly blue 
shifted relative to the pure BiOCl sample, in agreement with the 
quantum confinement effects.42 Consequently, the blue shift of 
the optical band gap deduced for samples A and F seems to 
result from the differences in particle thickness which 
corroborates a decrease in particles size (thickness) for those 
prepared from DES and aqueous medium as revealed by the 
TEM images analysis. Regarding the bismuth sulphide 
contribution, the optical band gap energy of all samples is 
within the range of that obtained for nanoBi2S3 (1.41 eV) 
showing a small blue shift particularly for those samples with 
higher ratio of the sensitisation material. Moreover, these 
results seems consistent with the hypothesis that the Bi2S3 is 
not homogeneously distributed on the surface of BiOCl 
structures, and thus giving rise to two distinct optical band gap 
energies. 
As the results presented above suggest, the optical band gap 
energy is related to the nanocrystal size. This effect can be 
described through the particle-in-a-box model, in which case 
the electron-hole pair is treated as a particle in a box with an 
infinite potential at the interface. For semiconducting 
nanoparticles with anisotropic growth the following equation 
can be applied43,44: 
 
∆𝐸 ≅
ℎ2 ∙ 𝜋2
2 𝜇𝑥𝑦
[
1
𝐿𝑥2
+
1
𝐿𝑦2
] +
ℎ2 ∙ 𝜋2
2 𝜇𝑧
[
1
𝐿𝑧2
] 
 
relating the dimension, Li, with the shift in the band gap energy, 
ΔE. Here ΔE is the difference of Eg between the bulk material 
and the nanomaterial (ΔE = Ebulk - Eg), x and y are the coordinates 
of the lamellar plan of the particle, z the coordinate 
perpendicular to the lamellar plan, µi are the effective masses 
of the electron-hole (me*, mh*) pair for the material in the plan 
xy, Li is the particle dimension in the direction i and h is Planck’s 
constant. 
In the case of sheet-like particles two of their dimensions (x,y) 
are much larger than the third (z) which determines the 
material properties and is responsible for the confinement. 
Therefore, the synthesized particles for which it was possible to 
estimate the Eg values from the BiOCl contribution, samples A 
and F in Table 2, the sheet thickness was estimated using the 
equation above, the electron and hole masses of 0.56me and 
1.10me 2, respectively, and the Eg shift observed between pure 
BiOCl and BiOCl-Bi2S3. Thicknesses of about 16 and 13 nm were 
respectively inferred which are close to those obtained directly 
from TEM images (13±4 and 10±2 nm, see above).   
 
RhB removal studies 
In order to evaluate the ability of the synthesized materials to 
remove contaminants from aqueous solutions, two samples (B 
and F) were selected due to their distinct Bi2S3:BiOCl ratio and 
morphology. Sample B presents a hierarchical structure of thin 
BiOCl-Bi2S3 sheets assembled in a flower-like morphology and 
higher Bi2S3:BiOCl ratio, whereas sample F is formed by BiOCl-
Bi2S3 sheets with average size of 51 nm and 10 nm thick. 
Rhodamine B (RhB) was used as model pollutant and its 
adsorption and photocatalytic degradation studied. Rhodamine 
B is a cationic dye which has been extensively used for 
photocatalytic activity evaluation of photocatalytically active 
materials and has been selected to be used as a model 
molecule/pollutant.  
 
Adsorption studies. After 1 hour in the dark conditions for 
adsorption/desorption equilibrium, it was found that sample F 
has a much higher ability to adsorb RhB (49 %, 30.7 mg g-1) than 
sample B (34 %, 22.2 mg g-1), whereas pure BiOCl and nanoBi2S3 
present low adsorption capacity, 15 and 22%, respectively 
(Table 3). These values are remarkable compared with those 
reported in the literature for BiOCl particles sensitized with 
Bi2S3, up to 2.6 mg g-1 for RhB adsorption on 2D BiOCl 
nanoplates10 and 0.2 to 1.75 mg g-1 for MO adsorption on BiOCl 
nanostructures.5,6  
Three hypothesis have been considered in order to clarify the 
origin of the high adsorption ability of these materials: (i) 
surface area, (ii) surface charge of the particles and/or (iii) 
insertion of RhB molecules in the interlayer spacing of the BiOCl 
structure.  
The surface area measurements were performed by the 
Brunauer – Emmett – Teller   (B. E. T.)   method   and   34.0   and  
Table 3. Amount of RhB adsorbed on samples B and F, surface area of the particles 
(AB.E.T.), area occupied by adsorbed RhB with perpendicular (ARhB  ) and flat (ARhB  
//) orientation on the surface and potential of zero charge (p.z c.) of particles surface.   
Sample % RhB 
ads. 
(mRhB/mNPs) 
/ mg/g 
AB.E.T. / 
m2 g-1 
ARhB   
/ ANPs 
ARhB // / 
ANPs 
p.z
.c. 
B 34 22.2 33.993 0.6 1.2 4.0 
F 49 30.7 22.532 1.2 2.5 6.4 
BiOCl 15 10.6 6.730 1.4 2.8 4.5 
nanoBi2S3 22 15.4 24.426 0.6 1.2 --- 
 - perpendicular RhB molecule orientation with cationic group oriented towards 
the BiOCl surface; // - parallel orientation of RhB adsorbed flat on the BiOCl 
surface. 
Sample Eg / eV 
BiOCl 3.35  
nanoBi2S3  1.41 
B
iO
C
l-
B
i 2
S
3
 
A 3.39 1.33 
B  1.69 
C  1.72 
D  1.36 
E  1.71 
F 3.40 1.60 
G  1.65 
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22.5 m2 g-1 were obtained for samples B and F, respectively. For 
pure BiOCl and nanoBi2S3, values of 6.730 and 24.426 m2 g-1, 
respectively, were found. The results show that higher amount 
of RhB was adsorbed on smaller surface area of sample F (49 %, 
30.7 mg g-1) than on sample B (34 %, 22.2 mg g-1). Therefore it 
could  be  concluded  that  the  surface  area  was  not  the  main 
effect controlling the adsorption capacity of these materials. 
Additionally, while nanoBi2S3 have higher surface area 
(fourfold) than that of pure BiOCl, the amount of RhB adsorbed 
on the former is about 1/3 of that adsorbed on the later, 
suggesting that in the hybrid structures it is the BiOCl 
component the main responsible for the dye adsorption.   
Considering the effect of the surface charge, the point of zero 
charge (p.z.c.) of those materials was evaluated (Table 3) and 
compared with that of pure BiOCl (p.z.c. at pH < 2), which agrees 
with that reported in the literature (p.z.c. at pH ≈ 2).11 As 
mentioned before, the surface of BiOCl nanostructures with 
(001) preferential crystallographic orientation are expected to 
have a high density of oxygen atoms on the surface and an 
electric field perpendicular to the surface6 responsible for 
negative zeta potential in a wide range of pH values (pH > 2) and 
for the high affinity towards positively charged species.  
Moreover, taking into account the pH of the RhB solution (pH 
6.65) in this medium, the BiOCl-Bi2S3 particles surface is 
negatively charged and consequently the interaction with the 
zwitterionic molecule of RhB (chemical structure shown in 
Scheme 1) at this pH (pKa 3.7) may occur through the positively 
charged –N(CH2CH3)2 group. Furthermore, the particles with 
p.z.c. close to the pH of the solution and therefore less 
negatively charged in the RhB solution (sample F) show higher 
ability to remove the dye from the solution. This suggests that 
repulsive interactions (with the –COO- group) may hinder the 
RhB adsorption. In fact, comparing the area occupied by the 
adsorbed RhB molecules in two limit orientations 
(perpendicular () and parallel (//) to the surface) the results 
(Table 3) suggest that on sample B the RhB may adsorb 
preferentially in a perpendicular orientation as observed in 
fluorinated TiO2 particles and hexagonal ZnIn2S4.45,46 In those 
studies it was suggested that the negative surface charge due to 
the high density of surface anionic sites directed the RhB 
adsorption and once this was established through one  
-N(CH2CH3)2 group, the loss of resonance in the aromatic rings 
prevented the interaction with the second -N(CH2CH3)2 
functionality.45,46 Therefore, it is reasonable to expect that in 
the present case the adsorption may occur with the cationic 
group oriented to the surface and the deprotonated carboxylic 
acid group towards the solution.  However, on sample F, which  
 
 
 
 
 
 
 
Scheme 1. Rhodamine B structure; pKa (-COOH) = 3.7. 
is less negatively charged at pH 6.65, the formation of 
multilayers in a flat or perpendicular orientation is more likely 
to occur. This may occur by both electrostatic interactions and 
-stacking between aromatic rings.47 The hypothesis of 
insertion of RhB molecules (thickness 4.75 Å, ACD/ChemSketch) 
in the interlayer spacing of the BiOCl structure (d = 7.38 Å), in a 
similar way to that previously reported for Rh6G intercalation in 
titanate nanotubes48 has been discarded due to the zwitterionic 
nature of the molecules and since it was not observed any shift 
in the XRD peak corresponding to the interlayer spacing 2θ = 12o 
(data not shown).  
The results presented above indicate that the removal ability of 
such materials can be manipulated by changing the pH of the 
dye solution (to an extent limited by the dye properties) and the 
remarkable ability to remove RhB from solution by adsorption 
may also be expected to be extended to other cationic and 
anionic dyes by tuning the p.z.c. and adequate selection of the 
BiOCl/Bi2S3 heterostructures.  
 
RhB photocatalytic degradation studies 
RhB shows a strong absorption band at 554 nm which has been 
used to quantify the amount of adsorbed RhB and monitor the 
degradation process. In Figure 5 are illustrated the UV-visible 
spectra obtained at different times during the degradation 
process of RhB using samples B and F as photocatalysts after 
adsorption/desorption equilibration in the dark for 1h. The 
absorption band at 554 nm decreases once the irradiation was 
started. After ca. 45 min complete degradation of the dye was 
achieved using sample B as photocatalyst. By using sample F, 
fast degradation of RhB was observed and after 15 min of 
irradiation that band disappeared indicating complete 
discoloration of the RhB but an absorption band at 262 nm 
corresponding to degradation by-products remains. 
Considering that the surface area of sample F is smaller than 
that of sample B (Table 3) we can conclude that the better 
photocatalytic activity of such particles is not due to its surface 
area. Enhanced photocatalytic efficiency was obtained for the 
sample with the lower relative proportion of Bi2S3, which is most 
probably due to extension of the absorption in the visible region 
without blocking too much the access of RhB to the BiOCl 
surface. Moreover, the remarkable photocatalytic activity of 
BiOCl nanoparticles sensitized with small proportion of Bi2S3 
was achieved and full discoloration of RhB from aqueous 
solution was attained in a proportion of 75 mg of RhB per gram 
of catalyst. This result represents a significant improvement as 
compared with previously studies reported in the 
literature.4,9,10,25,26  
The pure nanoBi2S3 and BiOCl samples were less efficient to the 
RhB photodegradation than samples B and F, and after 15 min 
of irradiation (Figure 5) have degraded only 75 and 79% of the 
initial RhB in solution, respectively.  
Under UV-visible irradiation the RhB degradation process onto 
the prepared composite nanostructures can follow two distinct 
mechanisms that are showed in Scheme 2. (i) Indirect dye 
photosensitization under visible light irradiation for pristine 
BiOCl which is not excited under visible light; the photo-  
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Figure 5. Time profiles of adsorption and photocatalytic performance of samples 
B (a), F (b), pure BiOCl and nanoBi2S3, for RhB degradation under UV-visible light 
irradiation after 1h in the dark.  
generated electron is transferred from the excited dye* to the 
conduction band (CB) of the catalyst, where the reaction with 
O2 generates radical active species that are involved in the dye 
degradation process. (ii) Direct semiconductor photoexcitation  
Scheme 2. Suggested energy diagram for the charge separation process for BiOCl-Bi2S3 
composite and the degradation of RhB under UV-visible irradiation.  
under visible (Bi2S3) and UV light (BiOCl and Bi2S3) in which the 
electrons in the CB and the holes in the valence band (VB) are 
responsible for the generation of the radical active species (e.g. 
•HO and •O2-). The hypothesis of direct semiconductor 
excitation involving charge carriers transfer from the CB of 
Bi2S3to the CB of BiOCl was further confirmed by 
photodegradation of RhB under visible light irradiation (Figure 
6). For clarity purposes, the absorbance data was normalised to 
t = 0 minutes (start of irradiation) and consequently the 
observed kinetic behaviour only takes into account the 
photodegradation process. By plotting -ln(C/C0) vs t, where C 
and C0 are theRhB concentrations at t = 0 and t = t, the pseudo-
first order rate constant, k, can be retrieved from the equation 
-ln(C/C0) = kt. Under these experimental conditions, using only 
visible radiation, but using BiOCl as catalyst, no photoexcitation 
occurs and very slow kinetics was observed (k = 1.3 h-1). On the 
other hand, by using the BiOCl-Bi2S3 composite (sample F) a 3 
fold increase in the pseudo first-order rate constant was 
observed (k = 4.3 h-1). This significant enhancement of the rate  
 
Figure 6. Photocatalytic performance of sample F and pure BiOCl, for the RhB 
degradation under visible light irradiation. 
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Table 4. Band energy position for samples B and F and for pure BiOCl and nanoBi2S3. 
Sample X 
E / eV 
VB CB 
BiOCl 6.36 3.54 0.18 
nano Bi2S3 5.27 1.48 0.07 
B Bi2S3  1.62 -0.08 
F BiOCl  3.56 0.16 
Bi2S3  1.57 -0.03 
 
constant in the presence of Bi2S3 on the BiOCl surface can only 
be assigned to the effective electron transfer within the 
composite material between the CB of Bi2S3 and the CB of BiOCl 
as theorised and depicted in Scheme 2, since the latter cannot 
be photoexcited by visible light.  
Bearing in mind the Eg values for samples B and F and nanoBi2S3 
and BiOCl (Table 2), the edge potential of the valence (VB) and 
conduction (CB) bands were estimated according to the 
equations25,27 𝐸𝑉𝐵 = 𝑋 −  𝐸
𝑒 + 0.5𝐸𝑔 and 𝐸𝐶𝐵 =  𝐸𝑉𝐵 − 𝐸𝑔, 
assuming the electronegativity of the semiconductors, X, of 
6.36 and 5.27 for BiOCl and Bi2S3, respectively (Table 4). The VB 
and CB values obtained are close to those reported in the 
literature for BiOCl (3.5-3.6 and 0.14-0.22 eV) and Bi2S3 (1.44-
1.47 and 0.09-0.11 eV).18,25,27,49  
Additionally, it has been reported that for RhB the electronic 
transition occurs between the HOMO and HOMO-1 levels with 
an energy difference of about 1.42 eV.49 
It is well known that the low recombination rate is a key factor 
in the photocatalyst efficiency and therefore the introduction of 
additional transition states by sensitization is advantageous.10,21  
Furthermore, the strong adsorption of RhB onto this material, 
prior to photodegradation, may function as an organic dye pre-
sensitization step and therefore contribute to the high 
photocatalytic performance.10,11,18,21 
 
Although it has not been the main subject of this study, an 
absorption band at about 262 nm remained after 20 min of 
irradiation when using sample F as photocatalyst (inset in Figure 
5c). In fact, contrarily to the observed with sample B, this 
absorption band could be already clearly noticed after the 
equilibration time in the dark period (t = 0 in Figure 5b), 
remaining throughout the degradation process. Additionally, 
this band is very likely to be from water soluble degradation 
products containing one aromatic ring and will be further 
discussed in a more detailed work. While this fact is regularly 
neglected due to the narrow wavelength interval commonly 
reported which frequently excludes the  values  400 nm, a 
similar effect has been reported by Zheng et al.50 for Rh6G and 
also observed for RhB but no further interpretation has been 
conveyed.51 In the case of Rh6G it has been attributed to the 
deamination (and demethylation) of the dye and consequent 
conversion into an insoluble product. This has not been 
observed during the photodegradation of RhB onto sample F. 
By using sample B complete degradation is achieved and no 
absorption bands were detected at the end of the irradiation.  
 
Comparing the two tested samples, although sample F shows 
enhanced ability to remove RhB from solutions and better 
photocatalytic activity, sample B allows complete degradation 
of RhB in solution without aromatic intermediary products. At 
the end of the photo-irradiation experiments, the stability of 
the catalysts was evaluated by XRD analysis. The diffraction 
patterns (ESI, Figure S6) show only a small increase in the 
crystallinity of the particulates after 1 h of irradiation with UV-
vis light during RhB degradation, suggesting that these materials 
are feasible to be reused in repetitive degradation cycles. 
Therefore, homogeneous, crystalline, stable and photoactive 
Bi2S3-sensitised BiOCl catalysts can be successfully prepared in 
a one-pot approach at room temperature from environmentally 
friend deep eutectic solvent medium based on choline chloride 
and ethylene glycol. 
Conclusions 
An easy one-pot, room temperature synthesis of crystalline 
BiOCl particles sensitized with Bi2S3 has been successfully 
achieved. The obtained particles shape, aggregation degree 
(loose sheets or flower-like aggregates) and size could be 
controlled by the synthesis conditions. The effective 
sensitization of BiOCl nanostructures with Bi2S3, was attained by 
a simultaneous in situ ion-exchange process, using different 
sulphur precursors, and the relative amount of Bi2S3/BiOCl 
controlled by the reactants (Bi:S) ratio in the synthesis medium. 
The resulting hybrid crystalline nanostructures show improved 
optical properties as compared with its individual components, 
extending the photoactive region of pure BiOCl to the visible 
range due to Bi2S3 sensitisation.  
The BiOCl-Bi2S3 nanocomposite prepared using sodium 
thiosulfate allows complete degradation of RhB dye under UV-
visible light irradiation whereas those prepared from sodium 
sulphide precursor yield intermediary products, resulting in 
incomplete degradation of the dye molecules.  
The combination of adsorption and photocatalytic activity 
enable swift removal of RhB from aqueous medium by 
adsorption and later recovery of catalyst by photodegradation 
of the adsorbed pollutant. 
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A novel one-pot synthetic procedure yields hierarchically nanostructured BiOCl-Bi2S3 
nanoparticles with improved photocatalytic activity towards degradation of rhodamine B. 
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